In this work, Al/Al 2 O 3 nanocomposite thin film is deposited on Si substrate by radio frequency sputtering to form a metal-insulator-semiconductor structure. It is found that the current conduction at low fields is greatly enhanced with temperature. The current increase can be attributed to the decrease in the tunneling resistance and/or the formation of some tunneling paths due to the release of some measurement-induced charges trapped in the thin film as a result of increase in the temperature. The current conduction evolves with a trend toward a three-dimensional transport as the temperature increases.
INTRODUCTION
Intensive research have been carried out on Al 2 O 3 due to its excellent electrical properties such as low leakage current, high dielectric constant ($9), and high breakdown voltage ($9 MV/cm). The material is considered as a promising candidate for the gate dielectric of field-effect transistors. [1] [2] [3] Various techniques such as radio-frequency magnetron sputtering, 4 atomic-layer-deposition (ALD), 5 and plasmaenhanced atomic-layer deposition (PEALD) 6 have been used to prepare the Al 2 O 3 films. Recently, it was reported that Alrich Al 2 O 3 thin film can be used to realize resistive memory device 7 and floating gate non-volatile memory device. 8 As those memory devices may work at elevated temperatures, the temperature dependence of current conduction in the Alrich Al 2 O 3 layer of the metal-isolator-metal structure for resistive memory device or in the gate dielectric for the floating gate memory device is important. On the other hand, some studies on the current conduction mechanism of semiconductor nanocrystals embedded in oxide film have been reported. [9] [10] [11] Mechanisms including Fowler-Nordheim (FN) tunneling, nanocrystal-assisted tunneling, Frenkel-Poole emission and nanocrystal-assisted FN tunneling have been proposed. 9 However, the mechanism of conduction in metal/ dielectric nanocomposite films has seldom been discussed. In this work, Al 2 O 3 film is deposited on Si substrate by radio frequency (RF) sputtering of Al target in O 2 ambient to form a metal-insulator-semiconductor (MIS) structure. Transmission Electron Microscopy (TEM) image shows that Al/ Al 2 O 3 nanocomposite thin films are formed. The influence of temperature on current transport at low fields in Al/Al 2 O 3 nanocomposite films has been studied. It is found that the current conduction is greatly enhanced with temperature. The current-voltage (I-V) characteristics at low fields follow a power law. As the temperature increases, the system evolves with a trend toward a three-dimensional (3D) transport. The phenomena can be explained by a model of charge transport in the Al nanocrystal arrays.
One hundred nm thick Al-rich Al 2 O 3 films were deposited on p-type, (100)-oriented Si wafers via radio frequency magnetron sputtering. The deposition was carried out with RF sputtering of Al target (purity > 99.999%) in O 2 /Ar ambient at a power of 310 W. The Ar to O 2 ratio is set to 60:1. The films were annealed with rapid thermal process at 500 C for 2 min. A 200 nm aluminum layer was then deposited on the top of the thin films to form gate electrodes. The backside electrode was formed with a 500 nm aluminum layer after removing initial oxide. The high resolution transmission electron microscopy (HRTEM) image shows the existence of Al nanocrystals (nc-Al) (or nanoparticles) in the Al oxide layer, as illustrated in Fig. 1 . The I-V measurements were carried out with a Keithley 4200 semiconductor characterization system, and capacitance-voltage (C-V) measurements were carried out with a HP4284 A LCR meter at the frequency of 1 MHz. Figure 2 shows the I-V characteristics measured at low fields at 25 C, 75 C, and 100 C, respectively. As can be seen in the figure, the current conduction is greatly enhanced by increasing the temperature. The conduction enhancement can be explained as following. Electron tunneling can take place between adjacent uncharged Al nanocrystals, and many such nanocrystals form tunneling paths connecting the Si substrate to the metal gate. 9, 12, 13 As reported in our previous works 13, 14 electrons can be trapped in the nanocrystals when they transport along the tunneling paths during a current measurement, causing a reduction in the current conduction due to the Coulomb interactions, whereas the release of the trapped charges leads to an increase in the current conduction. In the Al/Al 2 O 3 nanocomposite thin film, even in the initial state, there may be some electrons trapped in nanocrystals during the electrical measurement. The trapped charges can be released when the temperature is increased, making more nanocrystals neutral (uncharged). With the existence of more tunneling paths formed by the uncharged a)
Author to whom correspondence should be addressed. Electronic mail: yliu2008@e.ntu.edu.sg. (2011) nanocrystals, the current conduction of the thin film system is enhanced. The charge release is confirmed by the C-V measurements, as shown in the inset of Fig. 2 . With temperature increasing, the C-V characteristic is shifted to the negative-voltage side, which indicates electron release from the nanocomposite thin film at a higher temperature. The flatband voltage shift is proportional to the amount of the charges released from the Al/Al 2 O 3 nanocomposite film. The charge release leads to an enhancement in the current conduction as well as a higher dimensional transportation in the oxide thin film, which will be discussed later. Figure 2 shows that the I-V characteristics at low fields follow a power law. The power-law behavior could be explained by a model similar to the one of collective charge transport in arrays of normal-metal quantum dots (QDs). 15 The current through an array of metallic quantum dots separated by tunnel barriers is shown to follow the power-law relationship 15, 16 
where f is the scaling exponent, and V th is the threshold voltage. The scaling exponent f ¼ 1 and 5/3 correspond to the one-and two-dimensional arrays of QDs, respectively. 15, 16 Equation (1) can be used to fit our experimental result of the system of Al/Al 2 O 3 nanocomposite film, and the fitting can yield the values of the factors including f, V th and I 0 of Eq. (1). The threshold voltage is found to be approximately zero. Figure 3 shows Arrhenius plot of ln(I 0 ) and f obtained from the fittings. f is found to be larger than 5/3. This suggests that the current conduction in the system is a quasi-3D transport. With temperature increasing, some of trapped charges are released from the nanocrystals, leading to formation of some new tunneling paths. With the formation of new tunneling paths, the current conduction of the system will evolve toward a higher dimensional transport, i.e., quasi-3D transport. On the other hand, I 0 is observed to increase with temperature. For the case shown in Fig. 3 , I 0 increases greatly from the initial I 0 ¼ 4.12 Â 10
À6 A V -f at 200 C. As indicated in Fig. 3 , the temperature increase leads to an increase in both I 0 and f. The increase in I 0 is attributed to the decrease of the tunneling resistance and/or the increase in the number of tunneling paths as a result of the charge release at a higher temperature. The activation energy obtained from the Arrhenius plot of I 0 is 0.52 eV, indicating that the barrier for charge releasing is around 0.5 eV. On the other hand, f increases from 1.79 at 25 C to 2.10 at 200 C, showing an evolution with a trend toward the 3D transport when more charges are released at a higher temperature.
As mentioned above, the increases in both f and I 0 are due to the release of the charges trapped in the nanocrystals at a higher temperature. To confirm the charge release, C-V measurement is carried out to determine the flatband voltage shift which is proportional to the amount of the charges released. As shown in the inset of Fig. 2 , the C-V curve shifts toward the negative-voltage side when the temperature increases, showing a negative flatband voltage shift. The negative flatband voltage shift indicates a reduction in the amount of electrons trapped in the nanocomposite film. The electron release is due to the electron escape from nanocrystals at a higher temperature. Note that the C-V measurement is affected by the charge trapping in the oxide layer and is most sensitive to the charges in the oxide region near the Al 2 O 3 /Si interface. Therefore, the electron release from the oxide layer is described with the equivalent areal charge density (Q ri ) calculated from the flatband voltage shift (~V FB ), i.e., Q ri ¼ C ox DV FB where C ox is the oxide capacitance per area. Note that the initial flat-band voltage at room temperature (25 C) is taken as the reference for calculating DV FB and thus Q ri is zero at room temperature. Assuming the charge uniformly distributes in the oxide film, the total amount of charges released from the film is proportional to Q ri . Thus, the temperature dependence of~V FB is translated into the temperature dependence of Q ri . To study the effect of charge release on the current transport, electron releases with different amounts from the nanocrystals are achieved by raising the temperature to different levels. For a given temperature, Q ri is obtained from the flatband voltage shift based on the C-V measurement as discussed above, and I 0 and f are obtained from the fittings to the I-V characteristics. In this way, we are able to examine the influence of electron release from nanocrystals on I 0 and f. Figure 4 shows I 0 and f as a function of Q ri .
Electron tunneling can take place between adjacent uncharged nanocrystals, and many such nanocrystals form conduction paths connecting the Si substrate to the metal gate. 12, 13 As nanocrystals distribute in the oxide matrix randomly in three dimensions, with the formation of more uncharged nanocrystals due to more electron release at a higher temperature, the electron tunneling via the uncharged nanocrystals will go beyond the two-dimension regime, making f larger than 5/3. Therefore, the current conduction of the system will evolve toward the three-dimension transport with temperature. For example, f increases from 1.79 for Q ri ¼ 0 at 25 C to 2.10 for Q ri ¼ 3.69 Â 10 11 e/cm 2 at the temperature of 200 C, but it is always beyond the upper limit f ¼ 5/3 for two dimensional transport. This indicates that the current conduction of the system is a qusi-3D transport and evolves toward the 3D transport with more charge release. As can be observed from Fig. 4 , the charge release leads to an increase in I 0 also, which is due to the decrease of the tunneling resistance and/or the increase in the number of tunneling paths as a result of the charge release at a higher temperature. 12 Fittings to the data of I 0 and f shown in Fig. 4 yield the following phenomenological mathematical expressions:
À13 Q ri þ 1.82. As given by the expressions, for the initial state at room temperature, i.e., Q ri ¼ 0, I 0 is 4.12 Â 10 À9 AV -f , which is actually the I 0 at room temperature; and f ¼ 1.82, which is larger than 5/3, suggesting that the current transport at room temperature is beyond the twodimension regime and is a quasi-3D transport.
Note that charging and discharging can occur during electrical measurement and they are random processes. As such, I-V measurement at a given temperature is not necessarily repeatable. For example, the I-V characteristic after back from the measurement at 100 C to room temperature (25 C) can be different from the initial I-V characteristic at room temperature. The current level of the former can be either higher or lower than that of the latter.
In conclusion, Al/Al 2 O 3 nanocomposite filmes are prepared with RF magnetron sputtering of Al target in O 2 ambient. MIS structures are formed by coating an Al layer on the top of the films. The I-V characteristic of the system at low fields follows a power law, i.e., I ¼ I 0 (V-V th )
f where the threshold voltage V th % 0 and the factors I 0 and f increase with the charge release from the nanocrystals when the temperature increases. The charge release from nanocrystals causes an increase of I 0 because of the decrease in the resistance of the tunneling paths and/or the formation of more tunneling paths due to more neutral nanocrystals available. On the other hand, f also increases, showing an evolution of the current conduction with a trend toward the 3D transport. 
